Frontotemporal dementia (FTD) is a neurodegenerative disorder featuring striking changes in personality including emotional blunting, increased self-centered behaviour, and poor judgment [1] [2] [3] . At the cognitive level, patients with frontotemporal dementia have deficits in emotional processing including loss of empathy 4, 5 , decreased emotion recognition [6] [7] [8] , and deficits in theory of mind 9, 10 . Recent work in humans has demonstrated that the neuropeptide oxytocin may facilitate emotional and social cognition in each of these domains in healthy adults. Oxytocin is produced in the supraoptic (SON) and paraventricular (PVN) nuclei in the hypothalamus 11 . Despite the important role of oxytocin in many aspects of social cognition impaired in patients with FTD, little empirical data concerning the integrity of these nuclei in patients with frontotemporal dementia has been reported.
projection neurons and synapses in these regions may contribute to the social cognitive deficits in FTD. In addition to its role in pregnancy, oxytocin is now recognized to be an important mediator of social cognition across species and gender, specifically increasing pro-social behaviours 12, 20, 21 . In animal models administration of oxytocin increases maternal behaviours including grooming, nesting, and pair bond formation [22] [23] [24] . In humans, administration of oxytocin to healthy adults increases trust and cooperative behaviours 25, 26 , emotional empathy 27 , facial expression recognition [28] [29] [30] , and theory of mind skills 31 . In addition, oxytocin administration to autistic patients facilitates social information processing and decreases repetitive behaviours 32, 33 . Despite the social impairment in FTD and the association between social cognition and oxytocin neuronal systems, little is known about whether FTD related pathology affects the two main nuclei producing oxytocin. Frontotemporal dementia pathology has been examined in other hypothalamic nuclei, including reduced neuron to astrocyte ratios in the suprachiasmatic nucleus 34 and significant pathologic changes in the lateral tubular nucleus in Pick's disease 35 . One recent study of the hypothalamus and eating disorders in patients with FTD found reduced posterior hypothalamic volumes compared to controls in TDP-43 positive patients, but no changes in the number of vasopressin containing neurons in the PVN 36 . Given the deficits in prosocial behaviours, empathy and emotion recognition in FTD, and the mediation of these processes by oxytocin, we hypothesized that damage to oxytocin producing nuclei may contribute to the abnormal social behaviour characteristic of patients with FTD. The purpose of this project was to characterize neurodegenerative pathology of the supraoptic and paraventricular nuclei in patients with autopsy confirmed FTD in comparison to patients with Alzheimer's disease (AD) and Lewy body dementia (LBD). If neuro-pathologic changes in oxytocin producing nuclei give rise to deficits in social cognition, then we predicted that patients with FTD would show more abnormal protein inclusions and/or decreased neuronal densities in the SON and/or PVN compared to patients with Alzheimer's disease, LBD and neurologically healthy comparison individuals.
METHODS
The autopsy database at London Health Sciences Centre (LHSC) was searched for patients with a final autopsy diagnosis of LBD, AD, or FTLD (excluding corticobasal syndrome or progressive supranuclear palsy (PSP)), excluding cases with other significant associated neuropathological findings such as infections, trauma, neoplasms or stroke. Age-matched controls were also selected from cases without known neurological diseases and no significant neuropathological findings on autopsy. Only cases with availability of the hypothalamus (namely, SON and PVN) either in the paraffin blocks or formalin fixed wet tissue were included. In most cases, fresh samples were taken from the formalin-fixed wet brain tissue and then embedded in paraffin wax for the study. The paraffin tissue blocks were cut in 5 um sections and put on positively charged slides using standard microtome procedure and stained with hematoxylin-eosin (HE). These sections were examined for the presence of the SON and PVN by identifying their characteristic groups of large cell bodies and location. If the SON or the PVN were absent, these blocks were resubmitted for leveling, and stained with HE at levels 1, 5, 10, 15, and 20. Leveled slides THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES were then re-examined, and if these nuclei were still absent or insufficient for quantification, these cases were excluded from the study. After reviewing cases on the basis of final autopsy diagnosis and availability of hypothalamic tissue, 35 cases were selected [eight FTLD with TDP-43 proteinopathy (including 2 with FTLD plus motor neuron disease), 11 Alzheimer's disease, 5 Lewy body dementia, and 9 age-matched controls (see Table) ]. The paraffin sections from cases with SON and, or the PVN present were submitted for immunohistochemistry with primary antibodies to phosphorylated tau (AT8, ThermoScientic, 1:400) alpha-synuclein (Zymed, 1;50), ubiquitin (Dako, 1:200), and TDP-43 (ProtemTechGroup, 1:1000) utilizing the ImmPRESS Peroxidase Polymer Detection Kit from Vector Laboratories, Southfield, MI. The area of each nucleus (SON or PVN) was determined using an Olympus BX51 microscope linked to SPOT software and manually tracing the outline of the nucleus. The neuronal density per nucleus was determined by counting the number of neurons utilizing the same software within the area delineated and the density was represented as neurons (nuclei) per mm 2 . The SON and PVN were examined for inclusions for each of the immunostains; an inclusion was counted at 60X10 magnification if it was clearly within the boundaries of the SON or PVN. The number of tau, alpha-synuclein, ubiquitin or TDP-43 inclusions was quantified and normalized by the individual area of each nucleus. For TDP-43, nuclear staining was used as an internal positive control.
Statistical analysis: One-way analysis of variance (ANOVAs) with diagnosis as the between subject factor were performed for each nucleus (SON and PVN) and immunostain (TDP-43, tau, alpha-synuclein, ubiquitin) using the SPSS program. Additional ANOVAs with diagnosis as the between subject factor were conducted on the number of neurons per nucleus for the SON and PVN. Significant main effects were followed up with posthoc t-tests between each group, and independent samples t-tests were conducted between the dementia groups and controls. n/a n/a n/a n/a n/a n/a 
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RESULTS
Paraventricular Nucleus
The PVN was available for examination in eight patients with FTD TDP-43, ten patients with Alzheimer's disease, five patients with Lewy body dementia and seven controls. In the PVN, the one-way ANOVAs demonstrated a significant main effect of diagnosis for the number of tau inclusions (F (3,29)= 4.1, p<0.05 and for the number of alpha-synuclein inclusions (F(3,29)=3.1, p<0.05). For tau inclusions, post-hoc t-tests demonstrated significant differences between AD and controls (AD > controls) (t(15)= 2.5; p <0.05), and AD and FTD groups (AD > FTD) (t(17)=2.4; p <0.05), while AD and LBD were not significantly different (Figure 1a) . The tau immunohistochemistry demonstrated neurofibrillary tangles, mostly of the globose types and neuropil threads in the affected areas ( Figure 2 ). Occasional round to oval intracytoplasmic inclusions were also observed in the neurons which do not resemble any classical neurofibrillary tangles.
Although post-hoc t-tests demonstrated a trend of greater alpha-synuclein inclusions in LBD vs. AD (t(13)= 1.2, p<0.07) (Figure 3a) , no significant differences in alpha-synuclein inclusions were found for LBD vs. controls or LBD vs FTD. There were no significant differences in neuron density (F (3,29)= 0.19, p=ns) (Figure 1-B) , or mean number of ubiquitin (F (3,29)= 1.9, p=ns), or TDP-43 (F (3,29)= 0, p=ns) inclusions in the dementia groups compared to controls (Table) . Of interest, there were no TDP-43+ inclusions found in the PVN of any case.
Supraoptic Nucleus
The SON was available for examination in seven patients with FTD TDP-43, 11 patients with Alzheimer's disease, four patients with Lewy body dementia and eight controls. 
Figure 3: a) Mean alpha-synuclein counts per mm 2 in the paraventricular nucleus, demonstrating the relative absence of inclusions in Lewy body disease. b) Mean alpha-synuclein positive inclusions in the supraoptic nucleus demonstrating increased inclusions in Lewy body disease compared to other groups. Controls (CTLR), Alzheimer's Disease (AD) Frontotemporal Dementia (FTLD), Lewy body dementia (LBD)
intraneuritic Lewy bodies, but no definite Lewy bodies of cortical or subcortical variants were identified (Figure 4) . The remaining ANOVAs indicated that there were no significant differences or trends in the mean number of tau (Figure 1b) , TDP-43, or ubiquitin inclusions or neuron density in the groups. There were no other trends of difference between AD and FTD groups and controls. Of interest, there were no TDP-43+ inclusions found in the SON of any case.
DISCUSSION
The present study evaluated the neuronal integrity and presence of neurodegenerative pathology in the two oxytocin producing nuclei of the hypothalamus across the three main neurodegenerative dementias. Counter to our predictions, in patients with FTD (TDP-43+) we did not find significant pathology in either nucleus. In contrast, patients with Alzheimer's disease demonstrated significant tau pathology in the PVN, but not the SON, compared to controls and FTD patients. Increased alpha-synuclein inclusions were found in patients with Lewy body dementia compared to controls in the SON but not the PVN. Neuronal counts did not differ in either nucleus between the dementia groups and the controls. The present results demonstrate for the first time the integrity of the SON in FTLD with TDP-43 proteinopathy. They also extend prior reports of pathologic changes in the hypothalamus in Alzheimer's disease and LBD in the hypothalamus by demonstrating differential susceptibility of these two nuclei to the hallmark pathologic inclusions of these disorders.
In patients with Alzheimer's disease, cell counts and neuronal numbers and volume are generally preserved in the SON and PVN 37 . Interestingly, the SON appears resistant to tau pathology in Alzheimer's disease, while the PVN shows Alzheimer related tau+ and dystrophic neurites 38, 39 . Results from the present study support this pattern, demonstrating that more tau pathology is found in the PVN of Alzheimer's disease patients than in controls, as well as patients with FTLD TDP-43 or LBD. Furthermore, the lack of significant Alzheimer's disease related tau pathology in the SON in the present study offers further support for suggestions that this nucleus may be preferentially resistant to AD related changes. Further investigation of the differential vulnerability of these two hypothalamic nuclei to the same neurodegenerative disease may provide further insights into the selective vulnerability of other regions of CNS to Alzheimer disease changes.
In contrast to the pattern observed in Alzheimer's disease, the SON does not show resistance to pathology in other neurodegenerative diseases. In patients with Parkinson's disease, Lewy bodies have been reported in the SON in up to 26% of patients 40 . In Parkinson's disease, Lewy bodies have not been previously described in the PVN, though neuronal counts were found to be reduced compared to controls 41 . Reports on the integrity of these nuclei and presence of Lewy bodies in patients with Lewy body dementia have not been previously reported. The current results support the pattern of findings in patients with Parkinson's disease, and demonstrate the presence of increased Lewy bodies in the SON but not the PVN in the hypothalamus of patients with Lewy body dementia. This pattern is intriguing as it is the opposite of the differential susceptibility of these nuclei described above in the patients with Alzheimer's disease. Further study of biochemical differences between the PVN and SON in Lewy body dementia and Alzheimer's disease that may confer such resistance to specific neuronal inclusions could not only elucidate mechanisms for the selective vulnerability of other neurons in the CNS to these processes but also identify novel potential treatment targets for conferring neuronal resistance to alpha-synuclein or tau pathology.
The lack of significant FTLD TDP-43 pathology in the SON and PVN indicates that neuronal damage and loss within these nuclei is not a contributing factor to the abnormal social behavioural symptoms characteristic of the disorder, at least in this pathologic subtype. As our sample included only patients with the TDP-43 subtypes of FTD, conclusions about the involvement of the SON in other FTLD subtypes such as FTLD with tauopathy or fused in sarcoma (FUS) proteinopathy will require additional study. While the aim of the present study was to characterize the presence of neuropathology in the PVN and SON, the two oxytocin producing nuclei of the hypothalamus, other neurons in these nuclei produce vasopressin. In the PVN, approximately 50% of the neurons secrete oxytocin, while in the SON approximately 10-15% secrete oxytocin 42, 43 . Identification of oxytocin specific neurons in these nuclei was not possible due to the prolonged time in formalin for many of the samples, which precluded reliable staining for either the oxytocin peptide or receptor. Thus, it is possible that a selective reduction in oxytocin producing neurons may not be detected if other neuronal subtypes in the nuclei are preserved, particularly in the SON. Another consideration in the interpretation of our results is the finding of preserved neuronal counts despite the presence of increased Alzheimer disease pathology in PVN and LBD in the SON. However, this pattern is consistent with prior studies demonstrating similar dissociations between the presence of neurodegenerative pathology and neuronal cell loss in hypothalamic nuclei in Alzheimer's disease and Parkinson's disease 38, 41, 44 . Thus, whether the inclusions found in the present study in AD and LBD patients result in any significant impairment of the function of these nuclei cannot be presumed. Future studies evaluating additional protein markers of neuronal injury would further illuminate whether inclusions are associated with any signals of neuronal degeneration. In summary, we found that the two oxytocin producing nuclei of the hypothalamus, the SON and PVN, lack significant pathologic changes associated with FTLD with TDP-43 proteinopathy. In patients with AD and LBD, distinct patterns of disease related pathology in the PVN vs the SON raise intriguing questions for the relationship between specific inclusion types and selective vulnerability or resistance of these two hypothalamic neuronal populations. Future studies are required to assess whether damage to the SON and PVN in other subtypes of FTLD, or damage to oxytocinergic projections from the hypothalamic nuclei within the medial prefrontal cortex, amygdala and striatum may be implicated in the social deficits of FTD.
